With the advancement trend of lower limb prosthetics headed towards bionics (active ankle and knee) and smart prosthetics (gait and condition monitoring), there is an increasing integration of various sensors (micro-electromechanical system (MEMS) accelerometers, gyroscopes, magnetometers, strain gauges, pressure sensors, etc.), microcontrollers and wireless systems, and power drives including motors and actuators. All of these active elements require electrical power. However, inclusion of a heavy and bulky battery risks to undo the lightweight advancements achieved by the strong and flexible composite materials in the past decades. Kinetic energy harvesting holds the promise to recharge a small on-board battery in order to sustain the active systems without sacrificing weight and size. However, careful design is required in order not to over-burden the user from parasitic effects. This paper presents a feasibility study using measured gait data and numerical simulation in order to predict the available recoverable power. The numerical simulations suggest that, depending on the axis, up to 10s mW average electrical power is recoverable for a walking gait and up to 100s mW average electrical power is achievable during a running gait. This takes into account parasitic losses and only capturing a fraction of the gait cycle to not adversely burden the user. The predicted recoverable power levels are ample to self-sustain wireless communication and smart sensing functionalities to support smart prosthetics, as well as extend the battery life for active actuators in bionic systems. The results here serve as a theoretical foundation to design and develop towards regenerative smart bionic prosthetics.
Introduction
Lower limb prosthetics are crucial to the quality of life of amputees, by making it possible to lead both an independent and physically active lifestyle [1] . One of the earliest documented examples of lower limb prosthetics date back to the Romans, circa 300 B.C. [2] , along with mentions of the use of artificial limbs within the Graeco-Roman literature. An early contemporary iteration dates back to the 1950s with the invention of the SACH (solid ankle cushion heel) foot [3] , followed by various other embodiments in the ensuing decades such as the Flex foot with its blade spring designs primarily for sports and the Seattle foot with more efficient energy absorbing metal springs and foams acting as dampers [4] .
Development of prosthetics since the 1980s also involved the increasing use of composite materials such as carbon fibre [5] , as a lightweight, flexible and strong material compared with plastic, wood and metal. The lightweight composite structure brings comfort for users while also offering a better mechanical robustness when interacting with the environment. The advent and adoption of energy storage and return (ESR) prosthetics, which contains a mechanical spring or pneumatic restoring force mechanism, can help to minimise user's energy expenditure compared to traditional solid prosthetics [6] . More recently, there is a growing research interest to include active elements, such as active ankle and knee driven by actuators and controlled by feedback information from sensors, to develop towards lower limb bionics in order to further reduce the human energy cost and improve gait pattern of transtibial amputees [7] . A key conceptual measure of merit adopted by many academic and industrial researchers is the 3Cs: control, comfort and cosmetics [8] . An ideal prosthetics is thought to possess a high 3C-level.
Some of the key advances in contemporary lower limb prosthetics, including their working mechanisms, merits and challenges, are summarised below and in Figure 1 ,
•
Conventional Solid Cushioned Prosthetics: They are typically made of solid wood, plastic or metal structures, with some soft cushioning with foam or rubber to provide a degree of comfort and energy efficiency. The basic principle is not too distinct from solid prosthetics reported since antiquity. A key design feature is to mimic human leg and feet from a cosmetic point of view. The primary aim is to enable basic gait functionality to an amputee. However, the non-optimised gait pattern from these prostheses can stress the healthy limbs and joints, causing injury after prolonged use. A classical example is the SACH foot, which has an energy efficiency estimated up to 31% [9] . Users are required to manually control these solid prosthetics, and this is typically described as passive control. The gait is typically unnatural with limping patterns, which can result in repeated stress injuries to other health body parts such as joints, limbs and hip. • Energy Storage and Return (ESR): They typically contains a spring component acting as a restoring force mechanism, allowing mechanical energy to be momentarily stored and returned to the gait motion while walking and running. The spring can either be a linear mechanical spring or a second-order pneumatic air spring. The use of ESR in prosthetics design since the 1980s has been considered as a crucial milestone towards helping to improve gait pattern and behaviour based on biomechanics research [5] . The ESR mechanism can generally be modelled as a second-order mass-spring-damper system, with a focus on the restoring force term.
Key optimisation parameters include minimising damping and synchronising energy return rate to the gait speed. When a runner's rate of compression of the ESR prosthetics is close to the resonant frequency of the ESR foot, energy efficiency can be maximised. Classic examples include the Flex foot mainly used in sports and the Seattle foot that incorporates springs into a cushioned foot. The springs themselves can either be mechanical spring structures made of metal, plastic or composite materials, or pneumatic springs relying on air or fluidic pressure as the restoring force. Seattle and Flex come in various design embodiments, with energy efficiency estimated up to 52% and 84%, respectively [9] . • Composite Materials: The use of carbon fibre reinforced polymer (CFRP) composites coincided with the developed of the Flex foot and Seatle foot, primarily as part of the employed spring material within the lower limb [10] in contrast to metallic springs due to CFRP's lightweight, flexibility and high strength [5] . CFRP can be five times lighter than steel while offering either similar or up to an order of magnitude higher tensile strength. This is seen in both as a critical enabling material for professional sports as well as a high performance material in commercial prosthetics.
Amputee athletes with CFRP c-shaped flexible lower limb prosthetics are able to attain athletic records that are just about 10% lower than abled-bodied athletic records [5] . Furthermore, in commercial prosthetics, the use of CFRP and ESR prosthetics have been crucial to reduce stress on the joints and hips of the amputees compared to conventional solid cushioned prosthetics [11] . Composite materials are also possible to be integrated with functional materials such as piezoelectric transducers to enable sensing and harvesting capabilities [12] . • Bionics and Active Control: While ESR prosthetics provide a better energy efficiency and comfort than traditional solid cushioned prosthetics, gait behaviour is still far from ideal [7] . Improper gait can result in repeated stress and injury to the healthy parts of the human body. More recently, there has been an increasing trend in prosthetics research to develop towards bionics leg and feet, where motors and actuators [13] integrated with active or semi-active control systems [14] are used to control the motion of ankles and knees. The aim is to mimic the natural human biomechanics and gait pattern, where gait information gathered from sensors are used to control the knee and ankle orientations in order to improve towards the biomechanics of a normal gait [15] .
The active or semi-active control of these bionic prosthetics involve various integrated sensors along with variable damping, actuation power drive and artificial intelligence [16] . However, some of the design challenges include aiming to achieve high force/torque and power efficiency while minimising weight and size of the drive and power systems [17] . In particular, the weight of the batteries to power the sensors and drive systems can be a key limiting factor while trying to optimise between operation time and weight.
A study that assumed a basic system using two motors to control knee and ankle has estimated that a lithium polymer battery pack of reasonable size and weight can attain a range of 5 km [18] . The goal is to extend this range to maximise mobility and life quality for amputees. However, to have full degrees of freedom in control, motor actuators are required on all three axes for both knee and ankle, thus requiring even more power and limiting the practical range further. Fortunately, the motors and actuators used to control prosthetic knee and ankle are not required to continuously operate in active mode and many semi-active strategies have been proposed [19] . The active operation time period of servo motors can be as short as 10 ms to make a minute and precise angular orientation correction. Most of the time, these motors can be put into sleep mode in order to conserve energy. The use of energy harvesting can potentially help to recharge the on-board battery and compensate the intermittent energy drains by the motors. Coupled with bionics, there is also a trend towards smart devices and materials aimed at enabling gait and condition monitoring. Some of the sensors integrated for gait and condition monitoring include MEMS (microelectromechanical systems) accelerometers, gyroscopes, magnetometers, strain gauges and pressure gauges. These sensors and the power actuators for bionics are all controlled by microcontrollers and wireless communication systems. This implies that there is an increasing number of active components on the prosthetics that require electrical power, which in turn places a heavier burden on battery requirements.
Depending on the mass distribution, there can be a non-trivial amount of kinetic energy experienced and dissipated during the prosthetic gait [20] . By harvesting some of the kinetic energy during gait and converting it into electrical energy, the power requirements of the sensors and drive systems of a smart and/or bionic prosthetics can be supplemented. This regenerative energy approach is particularly useful to continuously recharge a given small battery source, in order to minimise weight of the prosthetics.
Mechanical power can be converted into useful electrical power to enable a self-sustaining power source for the sensors and actuators/motors. Transducers, such as electromagnetic [21, 22] , piezoelectric [23, 24] , electrostatic [25, 26] and triboelectric [27, 28] transducers, are some of the more popular mechanical-to-electrical energy conversion methods [29] . These transducers can either be parasitically attached to the main springs within the prosthetics, or entirely replace the main springs.
However, careful power control and damping switching are required to prevent over-burdening the user with unnecessary parasitic effects [30, 31] . The idea is to recover kinetic energy which would otherwise be dissipated to the ambience, and not drawing extra energy from the user. It has been identified that such an energy window does exist within the biomechanics of prosthetic gait during the restoring cycle of sprung elements, in what is described as the limb's regenerative region of operation [32] .
Therefore, switch-based [33] control power electronics is required to only harvest kinetic energy during this part of the gait cycle. By controlling the electrical damping of these transducers, it is also possible to enable active control and only extract energy during the unintrosive time windows, while acting as a purely restoring spring during other time windows in order to assist gait motion and comfort.
This paper uses measured acceleration data from various gait patterns to numerically simulate the recoverable power from a potential regenerative prosthetics. This is compared against typical sensor, microprocessor unit and actuator power requirements in order to assess the feasibility of using kinetic energy harvesting from lower limb prosthetics to minimise the on-board battery size.
Method

Gait Measurement and Analysis
Pedometry acceleration data were measured from a healthy able-bodied 34 years old male with body mass of 70 kg from various gait conditions. Ideal bionic prosthetics enabled amputee is theorised to be able to walk in a similar fashion. A three-axis accelerometer data loggers was placed at the right foot of the participant, inside the sneaker. The three axes of the accelerometer data shown in this paper correspond to the following axes of the human body: The measurements were taken at a sampling rate of 800 Hz. However, typically, gait frequency features can usually be captured within the first 10 Hz. Therefore, the sensor resolution was more than sufficient to provide accurate reconstruction of the gait motion in all three axes. The following types of gait conditions were captured: The step length, as set by the step treadmill and the standard flat treadmill, averages around 70 cm. The step height ranges between 10 and 20 cm depending on the stride speeds defined by the step rate and walking speeds of the treadmills. Gait parameters for the measurements taken were relatively uniform for a particular gait condition. The key data to be extracted here were the three-axis acceleration measurement from each gait type and condition, controlled by the various treadmills and speed settings.
Analytical and Numerical Model
The mechanics of the lower limb prosthetics assumed in this study is that of a combined pneumatic air spring on a mechanical composite spring, which is a common state-of-the-art ESR composite prosthetic design [17] . The analytical equations of force and motion were derived to mathematically describe the dynamics of the prosthetics while subjected to external acceleration loading while walking and running. The measured gait acceleration data can then be numerically computed into the model in order to predict the response from the system, including response displacement, velocity, acceleration, kinetic energy and potential recoverable electrical energy information.
The analytical model was numerically computed in MATLAB using the measured acceleration gait data in order to predict the recoverable power. ODE45 solver was used to numerically compute the analytical equations given in Section 3.1 in order to estimate the time domain response and recoverable power. Measured acceleration traces were pre-processed and condition as the input signal to feed into the numerical model. An overview of the measurement and simulation method is summarised in Figure 2 . A factor 0.1 is applied to all simulated power values shown in the plots to account for 50% transduction loss [34] , followed by 20% power conditioning loss and a simultaneous 20% electrical parasitic loss [35] , and finally only harvesting one third of the gait kinetic energy ((1 × 0.5 × 0.6) ÷ 3 = 0.1).
Results
Analytical and Finite Element Model
This paper focuses on a typical modern ESR lower limb prosthetic design illustrated in Figure 3 [36] , with a pneumatic air spring below the knee and a carbon fibre mechanical spring as the foot. The first resonant frequency of the prosthetics is simulated using finite element analysis as shown in the figure, assuming an above-limb total body mass of 70 kg (35 kg on each lower limb). It can be seen that the eigenfrequency solver revealed the first resonant frequency to be around 2.8 Hz, implying an ideal energy efficiency while running near this frequency of footfall, which is near the typical strides per second for a typical athletic running gait of 3 Hz [37] . However, most average non-athletic human running gait is unlikely to exceed a sustained stride rate of 2 Hz. The resonant build up of the prosthetics spring mechanism helps to more efficiently execute the energy storage and return function, but such an operation is potentially unsafe for untrained non-athletes. The spring model diagram can be simplified and expressed by Figure 4 . During gait motion, external reaction force from the ground on the prosthetics is expressed by the periodic external forcing F(t). The resonant frequency of the system would be the compound restoring force terms of both the linear mechanical spring and the nonlinear (second-order polynomial) pneumatic spring. The pneumatic air spring restoring force term is given by Equation (1).
where F s is the restoring force of the pneumatic spring mechanism, r is the radius of the pneumatic cylinder radius, L is the pneumatic cylinder length, x is the piston displacement, P 0 is the initial pressure and is equal to 101,325 Pa at the atmospheric pressure, and γ is the diabatic constant that is equal to 1.4 for diatomic gases such as nitrogen and oxygen. The reason for having this nonlinear second-order spring is to benefit from the nonlinear rapid build up in restoring force as the displacement increases. Therefore, this limits maximum response displacement (thus velocity and acceleration) for typical external forcing beyond a certain amplitude level, which in turn helps to provide comfort to the user. Lower response acceleration implies lower impulse forces experienced during strides.
The amalgamated governing equation of motion for the compound spring system within the prosthetics can thus be described by Equation (2).
where m is the effective mass of the body load, c is the damping constant, y is the excitation displacement and F is the periodic external response forcing term resulting from the response force from each stride on the ground. The semi-dimensionless lumped parameter model can be expressed by Equation (3).
where ζ is the dimensionless damping ratio (combining both mechanical and electrical domains), ω 0 is the natural frequency of the mechanical restoring spring system andÿ(t) is the periodic acceleration input from gait strides. The total theoretically recoverable power p from the mechanical domain is given by Equation (4), where the mechanical power can be transferred to a hypothetical mechanical-to-electrical transducer.
where m t is the transducer mass. When the user is running at a stride rate equal to the first resonant frequency, maximum power transfer can be achieved, as represented by Equation (5).
where ζ m and ζ e are the mechanical and electrical damping ratios, respectively. However, in practice, only a small fraction of this maximum theoretically recoverable power can actually be converted into useful electrical power [38] . This is due to transducer efficiency, electrical losses and intentional switching design to not extract excessive energy in order not to burden the user with parasitic draining effects. It can be seen that the acceleration peaks for running gait in Figure 6 are higher than those of the walking gait in Figure 5 for all three axes. Furthermore, the first active frequency peak for walking gait averages at around 0.9 Hz while that for the running gait is at 1.4 Hz. There are clear presence of harmonics in the frequency domain, suggesting some flatness to the peak features during the strides. None of the axes appear to be particularly dominant and all demonstrate relatively substantial amount of kinetic energy. This suggests that energy harvesting will need to be responsive to all three axes in order to be effective in recovering maximum available kinetic energy.
Measured Gait Three-Axis Acceleration Data
While the pedometric characteristics of the walking and running look qualitatively similar, especially in the frequency domain, this is rather different for the simulated limping scenario shown in Figure 7 . There are less harmonics in the frequency domain and shorter impulses in the time domain. While the walking speed is also at 3 km/h as the case in Figure 5 , instantaneous acceleration peak are higher in the lopsided walking case. This might be because that the area under the energy curve might be similar for the given walking speed, but more of the energy is concentrated over a shorter stride impact time. Therefore, this makes the impulse forces larger due to the shorter impulse time. Few harmonics could also be a result of sharper and less flat peaks in the time domain. 
Numerically Simulated Power Predication
Selected results are shown in Figure 8 and more details results are delineated in Table 1 . Only the axis with the maximum power out of the three axes for each gait condition is shown in each respective figure. For most axes, as expected, longitudinal axis generates the highest average power. However, the peak power axis is not necessarily the axis with highest average acceleration. This might suggest a more optimised energy envelope suitable for more efficient energy conversion in a particular axis during certain gait motions. However, this could be the case specific to the particular participant's gait and might vary between various people as gait pattern changes.
Running gait undoubtedly predicted the highest mean power output at 392 mW with a mean input acceleration of 11.3 m/s 2 in the longitudinal axis. However, the 41 mW generated from climbing at 60 steps per minute (3.7 m/s 2 ) was at a similar level to the 45 mW generated from walking at 3 km/h (4.2 m/s 2 ). On the other hand, lopsided walking attracted the highest power per acceleration, at 103 mW for just 2.6 m/s 2 average acceleration experienced in the frontal axis (similar levels in the sagittal axis too). However, despite the high peak amplitudes, the time window features are much narrower, suggesting a concentration of energy bursts across a shorter time period.
The energy recovered from simulated limping motion is different between left side and right side. This could be a result of asymmetrical and uneven gait motion of the user. This could different between various people and gait pattern. Overall, it is unsurprising that running gait generated the most power. However, it can be seen that step climbing gait does not generate much power compared to a walking gait. Table 1 . Numerically predicted mean electrical power levels that can be generated from various gait conditions and axes from the regenerative prosthetics (one limb).
Gait Condition Acc. (m/s 2 ) Power (mW) Axis
Walking 
Discussion
To assess the meaningfulness of the recoverable power, the simulated harvestable power values from Table 1 can be compared against the typical power requirement of various sensors, controllers, wireless systems, motors and actuators in Table 2 . Energy harvesting itself is impossible to meet the power requirement of the bionic prosthetic as the kinetic energy harnessed is from the gait motion itself. If too much power is harvested, it would start to manifest as a parasitic drain on the user. Therefore, the power recoverable is only meant to supplement the on-board battery and extend operation time between each charge cycles. It can be seen that power recoverable from gait motion is sufficient to meet the power requirements of sensors, micrcoprocessors and wireless systems. Therefore, all sensing and smart computation capabilities can be sustained by regenerative gait energy. The addition of various sensors, including accelerometers, gyroscopes, magnetometers, temperature sensors, pressure sensors, strain gauge and other smart microsensors can help to feedback into the active control loop to enhance motor control for comfort and healthy gait pattern, ensure safety, remind maintenance needs and alert potential system errors. As can be seen, motor and actuator power requirement for active knee and active ankle is more than an order of magnitude than what energy harvesting can provide. Therefore, continuous motor drive is not realistic. However, for practical operations, motors and actuators are not required for continuous operation. Intermittent minute adjustments of knee and ankle angular orientations would be enough to help maintain a comfortable and healthy gait, controlled by the information from the sensor array.
Many of the power consumptions from active components does not need to be in active operation all the time and smart power management coupled with duty-cycling can help to drastically reduce the actual power budget. The most power consuming elements would be the motors and actuators, which can be duty-cycled by adaptive control to help assist adjust gait motion and pattern as required. Wireless communication would be the second most power consuming element, which can also be duty cycled. Table 3 uses the information from Table 2 and assumes a hypothetical case study and estimates a power budget of around 62 mW required by the wireless sensors and motor actuators. This compares favourably with the simulated average power output from Table 1. A numerical model representing the duty-cycled electrical load combinations from Table 3 was built in MATLAB and integrated with the regenerative prosthetics numerical model. Figures 9 and 10 show the charging and discharging simulation results for two gait patterns: walking and running, respectively. During walking at 6 km/h, the average power output just about meets the average power drain from the active components, while a running gait is able to generate significantly more power than needed. On the other hand, slow walking and rest periods will incur a dip in the charge reserve in the energy storage. However, apart from trying to match average power consumption by the load, it is also important to ensure that there is sufficient stored energy to draw upon by instantaneous power consumption peaks during active motor and wireless communication operations. 9 . Simulated charging and discharging of an energy storage by energy recovery and electrical load, respectively, for a walking scenario. A starting energy of 2 J is given within the storage. Figure 10 . Simulated charging and discharging of an energy storage by energy recovery and electrical load, respectively, for a running scenario. A starting energy of 2 J is given within the storage.
Active motor operations here are assumed to last for 10 ms every 6 s, adjusting ankle and knee orientations to maintain optimal gait. This results in a sharp but short-lived power drain on the energy storage. To buffer for the high instantaneous drain, a minimal threshold charge needs to be maintained in the energy storage. To be practical, on-board batteries should be minimal in size and weight in order to not over burden the user: transtibial amputees. The battery itself can be recharged in a charging hub while the user sleeps in night time, and can be trickle charged by the energy recovered through regenerative gait motion. The presence of regenerative gait can therefore help to minimise the size and weight of on-board battery.
Conclusions
This study measured three-axis gait acceleration data from various gait patterns and used the measured data to numerically simulate (MATLAB) a prosthetic leg model containing a pneumatic and mechanical spring. Finite element model (COMSOL) was simulated to inform the system parameters used in the MATLAB numerical model. It is predicted that nearly 0.4 W of average electrical power can be recovered for a running gait (9 km/h) and 45 mW for walking gait (3 km/h). This power level is sufficient to continuously sustain smart microsystems including wireless systems, microprocessing units and MEMS sensors. Furthermore, the power consumed by duty-cycled motors and actuators for driving active bionic knee and ankle (a hypothetical 62 mW average power budget was estimated here) to maintain healthy gait can also be either partially or entirely compensated by energy harvesting in order to make meaningful contributions to extending the battery life.
The results presented here set the scene for developing towards regenerative prosthetics to help sustain the power requirement for smart functionalities (sensors) and supplement the battery drain by bionics (motors). As more sensors and motors are added to develop the comfort and gait pattern of prosthetics, the proposed regenerative energy harvesting capability is crucial to enable these functions without having to overburden the user with a heavy battery pack. Future work is planned by the authors to develop proof-of-concept prototypes on regenerative smart composite lower limb prosthetics.
